Reducing Isozyme Competition Increases Target Fatty Acid Accumulation in Seed Triacylglycerols of Transgenic Arabidopsis 1 Introduction
Production of vegetable oils, in the form of triacylglycerols (TAG), is of great importance for human nutrition and as a source of chemicals for industry. The vegetable oils produced in our food crops are composed of five major fatty acids (FAs) (Bates et al., 2013) .
Besides these common FAs, numerous uncommon FAs are produced in nature, such as hydroxy, conjugated, epoxy, and short-chain FAs that are, or could be used for industrial purposes (Badami and Patil, 1980) . However, the species producing these uncommon FAs are often not suitable for large scale industrialized agriculture (Voelker and Kinney, 2001; Dyer et al., 2008) . In order to solve this problem, attempts have been made to produce these uncommon FAs in seeds of crop plants. This has been a long standing goal in the field of lipid research and seemed initially quite straight forward (Voelker and Kinney, 2001; Napier, 2007; Napier and Graham, 2010; Carlsson et al., 2011; Bates and Browse, 2012; Bates et al., 2013; Vanhercke et al., 2013) . The approach taken was to identify the enzyme responsible for synthesis of the desired FA, and express the corresponding gene in seeds of high yielding crop plants. Unfortunately, in general only low levels of the desired FAs were produced by comparison to levels in the native plant (Broun and Somerville, 1997; Cahoon et al., 2006) .
One reason for this discrepancy is that enzymes of TAG synthesis often lack proper substrate specificity and selectivity, leading to poor utilization of substrates containing these unusual FAs (Knutzon et al., 1999; Burgal et al., 2008; Li et al., 2010; Kim et al., 2011; van Erp et al., 2011) .
In this paper we focus on the engineering of hydroxy FA (HFA; including ricinoleic acid) and α -eleostearic acid (ESA), in heterologous plant systems. HFA are used in many industrial applications, including the production of nylon, plastics and lubricants, and they are produced at high levels in the seeds of Ricinus communis (castor). However, castor is not suitable for industrialized agriculture and produces the toxic protein ricin, as well as other proteins that can cause allergenic reactions in humans. Currently most of the cultivation of castor for the production of HFA occurs in China, India and Brazil. ESA is used in industrial applications such as inks, coatings and resins and is produced in the seeds of tung tree (Vernicia fordii Hemsl., formerly Aleurites fordii Hemsl.) (Sonntag, 1979) . Tung tree also has problematic agronomic characteristics and can only be grown in limited areas of the United States which are prone to damage from hurricanes. In order to create cheap and reliable sources of these FAs, their synthesis has been studied and attempts have been made to produce them in heterologous plant systems.
The gene responsible for the synthesis of HFA in castor is the Ricinus communis FATTY ACID HYDROXYLASE12 (RcFAH12). This enzyme hydroxylates the ∆ 12 position of oleic acid esterified to the sn-2 position of phosphatidylcholine (PC) and is a homologue of FATTY ACID DESATURASE2 (FAD2) (Vandeloo et al., 1995) . Tung tree Fatty Acid Conjugase/Desaturase, FADX (Dyer et al., 2002) , is responsible for the synthesis of ESA and also is a FAD2 homologue. It converts PC-bound linoleoyl groups to eleostearate (18:3Δ9cis,11trans,13trans) (Dyer et al., 2002) . After synthesis on PC, these FAs can be incorporated into TAG by several different metabolic routes and enzymes ( Fig. 1) . Only the routes and enzymes relevant to this paper will be discussed here, for a more exhaustive description see van Erp et al. (2011) . The modified FAs can be hydrolyzed from the sn-2 position of PC by phospholipid:diacylglycerol acyltransferase (PDAT), which then esterifies these FAs to the sn-3 position of diacylglycerol (DAG) in order to generate TAG. The lysophosphatidylcholine (LPC) generated by this reaction can be used by acyl- , 1997; Smith et al., 2000; Smith et al., 2003; Lu et al., 2006) , compared to ~90% in native castor seed oil (Badami and Patil, 1980) . Engineering attempts to overcome this problem have focused on coexpression of castor acyltransferases such as RcDGAT2 (Burgal et al., 2008 ), RcPDAT1A (Kim et al., 2011 van Erp et al., 2011) , or the castor electron transfer system in Arabidopsis seeds expressing RcFAH12 (Wayne et al., 2013) .
Coexpression of RcDGAT2 and RcPDAT1A led to significant increases in HFA levels from 17% to 26-28% of total seed FAs, while coexpression of the electron transfer system did not result in an increase. Production of ESA in Arabidopsis has met similar challenges.
Expression of the FADX genes from either tung tree or bitter gourd (Momordica charantia, another species containing high levels of ESA in seeds) in a fad3 fae1 Arabidopsis line resulted in 7-13% ESA (Cahoon et al., 2006) . Two types of DGAT from tung tree showed significantly different affinities towards ESA-containing substrates when expressed in yeast fed tung oil fatty acids (Shockey et al., 2006) , but the effects of these and other tung TAG metabolic enzymes in planta have not previously been reported. The experiments reported here represent a valuable opportunity to investigate possible commonalities between metabolic engineering strategies for production of various types of value-added oils.
Subsequent research into the underlying causes of suboptimal production of HFA revealed that RcFAH12 expression in Arabidopsis seeds caused metabolic perturbations, leading to the poor accumulation of HFA in TAG and to a reduction in total FA content of seeds (Dauk et al., 2007; Bates and Browse, 2011; van Erp et al., 2011 VfDGAT2 alone or with VfDGAT2 together with a seed-specific AtDGAT1 RNAi construct.
Analysis of seed lipids from homozygous double-transgenic versus parental single-transgenic FADX lines showed higher levels of ESA when tung DGAT2 was present, which were enhanced further when the AtDGAT1 RNAi was present. The similarities between these two data sets suggest that endogenous competition is a limitation common to many such engineering strategies.
RESULTS

Eliminating AtDGAT1
Increases HFA Accumulation in a FAH12 RcDGAT2 Transgenic
Line
AtDGAT1 and AtPDAT1 catalyze the final step in the synthesis of TAG in Arabidopsis seeds (Zhang et al., 2009 and dgat1) in an F2 population of 460 plants was monitored by PCR assays and gas chromatography of seed fatty acid compositions. An F2 plant determined to be heterozygous for dgat1 and homozygous for fae1, RcFAH12, and RcDGAT2 was grown to maturity. A population of F3 progeny of this plant (n = 60) were grown and sequencing of DGAT1 was used to identify nine wild-type and nine dgat1-2 segregants. Analysis of seed samples from these plants shows a 17% increase in the proportion of HFA from an average of 24.7 ± 0.61% in the DGAT1 wild-type plants to an average of 29.0 ± 0.9% in the dgat1 CL7 RcDGAT2 line ( Fig. 2 ) and the amount of HFA per seed increased by 23% (Fig. 3) . Introducing the dgat1 mutation also leads to a reduction in 18:1 and increases in 18:2 and 18:3 (Fig. 2) . These changes are likely the result of the known increases in FAD2, FAD3 and PDAT1 expression that occur in dgat1-mutant seed (Xu et al., 2012) . Mutations at the dgat1 locus cause a 45% reduction in seed FA content (Katavic et al., 1995; Routaboul et al., 1999; Zou et al., 1999) .
However, introducing a dgat1 mutation in the CL7 RcDGAT2 background did not lead to any further reduction in total FA/seed or percent oil relative to CL7 RcDGAT2 controls ( Fig.   3 A&D) , indicating that the castor DGAT2 can maintain rates of oil synthesis in a dgat1 PDAT1 genetic background. Nevertheless, relative to the fae1 parental line, total FA/seed, seed weight and percent oil are reduced by 14%, 10% and 8%, respectively (Fig. 3) . Results from previous studies have indicated that fae1 is comparable to wild-type in all these parameters (Kunst et al., 1992; van Erp et al., 2011) .
Expression of RcPDAT1A in the dgat1 CL7 RcDGAT2 Background Further Increases
HFA Levels
Expression of RcPDAT1A in the dgat1 CL7 RcDGAT2 background could shift the balance in substrate competition between castor and Arabidopsis enzymes further in favor of incorporation of HFA into TAG. To test this hypothesis, RcPDAT1A was transformed in the dgat1 CL7 RcDGAT2 background using DsRed as a selection marker (Stuitje et al., 2003) .
Thirty-nine lines with independent transgene insertion sites were generated. From these, four lines with high levels of HFA and segregating 1:3 for brown versus red seeds, indicating a single functional insertion allele, were selected. In order to determine if the increase in HFA levels is due to the presence of RcPDAT1A, a T2 population of 40 plants segregating for
RcPDAT1A was planted. The four tested lines gave similar results and Fig. 4 shows data for one of these lines. HFA levels in T3 seeds increased from an average of 28.0 ± 0.72% in the dgat1 CL7 RcDGAT2 plants to an average of 31.4 ± 1.12% in the dgat1 CL7 RcDGAT2
RcPDAT1A plants. There were no significant changes in the amount of total FA per seed ( Fig. 3A) , but there was a 23% increase in the amount of HFA per seed ( Fig. 3B ) in the dgat1 CL7 RcDGAT2 RcPDAT1A plants compared to the dgat1 CL7 RcDGAT2 segregants.
These increases are somewhat larger than observed previously (2) when RcPDAT1A was expressed in the CL7 RcDGAT2 background (26.7% HFA). These improvements likely arise from the introduction of the dgat1 mutation, which shifts the balance in substrate competition further in favor of incorporation of HFA. RcPDAT1A line (31.4 ± 1.12% HFA). There were also no significant changes in the µg FA and HFA per seed (Fig. 3A,B) . A possible explanation for this result is that T1 seeds with the strongest suppression of AtPDAT1 expression were inviable and did not germinate.
Reduced Expression of
Consistent with this possibility, quantitative RT-PCR results indicated that AtPDAT1
transcript levels in dgat1 CL7 RcDGAT2 pdat1-amiRNA RcPDAT1A plants were more than 40% of those measured in the dgat1 CL7 RcDGAT2 RcPDAT1A controls. These experiments indicate that RcPDAT1A and RcDGAT2 cannot fully replace the function of AtPDAT1 and AtDGAT1 during seed development. A table of numerical data for the seed fatty acid compositions of the four different transgene combinations investigated is included as Supplemental Table S1 .
Analysis of TAG Composition and Regiochemistry
To determine the biochemical basis for the changes in HFA levels observed in our transgenic lines, the composition of seed TAG was investigated. TAG was extracted from the seeds of the transgenic plant lines and separated by TLC into molecular species with 0, 1, 2 or 3 HFA. Quantitative FA analysis by gas chromatography was used to determine the relative amounts of the four molecular species. Introduction of the dgat1 null mutation in the CL7 RcDGAT2 background increased the level of 2-HFA-TAG from 16.6 ± 0.60% to 26.3% ± 0.85% of total seed TAGs (a 59% increase), caused no change in 1-HFA-TAG and decreased the amount of 0-HFA-TAG from 40.8 ± 1.62% to 28.8 ± 0.51% (a 29% decrease) (Fig. 6A ). This change in TAG species composition is most likely due to a difference in substrate preference between AtDGAT1 and RcDGAT2. Burgal et al., (2008) showed that RcDGAT2 preferentially uses HFA-DAG as a substrate compared to 18:1-and 18:2-DAG.
The decrease in 0-HFA-TAG is probably caused by acylation of 0-HFA-DAG with a HFA at the sn-3 position by RcDGAT2. The fact that this does not result in an increase in 1-HFA-TAG levels might be caused by acylation of sn-2 HFA-DAG with a HFA at the sn-3 position in order to produce 2-HFA-TAG (Fig. 6A) .
Expression of RcPDAT1A in the dgat1 CL7 RcDGAT2 background further increased 2-HFA-TAG from 26.3 ± 0.85% to 39.5 ± 0.21% (a 50% increase), decreased 1-HFA-TAG levels from 42.1± 1.05% to 32.4± 0.33% (a 30% decrease) and caused a small (10%) decrease from 28.8± 0.51% to 26.0 ± 0.14% in the 0-HFA-TAG levels ( Suppression of AtPDAT1 in the dgat1 CL7 RcDGAT2 RcPDAT1A background did not lead to any significant additional change in TAG species composition, except that 1-HFA-TAG slightly decreased and 0-HFA-TAG slightly increased (Fig. 6A ). This is consistent with the low level of suppression of expression of AtPDAT1 in the viable pdat1-amiRNA lines described above.
Substrate Competition Between AtDGAT1 and VfDGAT2 Limits the Accumulation of Eleostearic Acid
To determine if substrate competition between endogenous acyltransferases and introduced transgenic enzymes limits the accumulation of other unusual FAs, we investigated the synthesis of eleostearic acid (ESA) in Arabidopsis seeds. To examine how ESA accumulation was affected by competition between endogenous and transgenic enzymes, the fad3 fae1 double mutant of Arabidopsis (Smith et al., 2003) was first transformed with a construct containing the tung fatty acid conjugase FADX (Dyer et al., 2002) , driven by the strong seed-specific phaseolin promoter (Slightom et al., 1983 VfDGAT2 averaged 11.6 ± 0.71% and 11.7 ± 0.62% ESA respectively (Fig. 8) , including individual plants whose seeds contained as much as 12.47 and 12.64% ESA. As in the T 2 sample distributions, FADX plants co-expressing both VfDGAT2 and AtDGAT1 RNAi produced higher levels of the novel fatty acid, both in terms of plants with the highest seed ESA (14.9 and 16.1%) and average ESA across all homozygous plants (13.8 ± 0.69% and 14.7 ± 0.85%) (Fig. 8) . Complete FA analyses of seeds of these eight lines are included in Supplemental Table S2 .
To provide additional data on the seed oil composition of the three different transgene mg of seed weight (Supplemental Fig. S2B ), while there was no significant change in the total FA/mg seed (Supplemental Fig. S2C ). 
DISCUSSION
2009; van Erp et al., 2011) . In order to test if substrate competition between AtDGAT1 and
RcDGAT2 is limiting for accumulation of HFA, the atdgat1-2 mutation was crossed into the CL7 RcDGAT2 line. Homozygous dgat1 CL7 RcDGAT2 plants had significantly higher HFA levels than the CL7 RcDGAT2 segregants (Fig. 2) . Subsequent analyses of the derived dgat1 and wild-type DGAT1 lines indicated that there was no reduction in seed oil content associated with the loss of the DGAT1 enzyme (Fig. 3) . These results indicate that eliminating competition from the endogenous DGAT enzyme results in a 20% increase in HFA accumulation in the seed oil, compared with the parental CL7 RcDGAT2 line. (van Erp et al., 2011; Bates et al., 2014) . Consistent with these previous findings, our dgat1 CL7 RcDGAT2 RcPDAT1A transgenics showed a significant further increase in seed HFA content (Figs. 4 and 3B ). These plants also had a very substantial increase in the proportion of 2-HFA TAG species, relative to the dgat1 CL7 RcDGAT2 parental line (Fig. 6) .
However, the elimination of AtDGAT1 and coexpression of RcDGAT2 and RcPDAT1A did not significantly change the proportion of 3-HFA TAG.
Our attempts to reduce competition from the endogenous AtPDAT1 isozyme were evidently unsuccessful. The pdat1-amiRNA/RcPDAT1A lines that we were able to recover had seed characteristics that are indistinguishable from the RcPDAT1A lines lacking the pdat1-amiRNA construct (Figs. 4 and 5 ) and contained levels of AtPDAT1 mRNA that were at least 40% of the levels in parental control lines. Many of the dgat1 CL7 RcDGAT2 pdat1- RcDGAT2 background used in our experiments (Hu et al., 2012) . These results point to the potential for obtaining further increases in HFA accumulation in seeds through the production of higher-order multitransgenic lines.
MATERIALS AND METHODS
Plant Growth Conditions and Transformation
The Arabidopsis thaliana (Arabidopsis) lines and growth conditions, were similar as relative humidity and 22°C.
Genotyping of Plants and RT-PCR Analysis
For genotyping of AtDGAT1, plant material was ground (30 Hz, for 30 s) (Tissuelyser II, QIAGEN), followed by extraction of genomic DNA using a QIAcube (QIAGEN). A portion of AtDGAT1 was amplified with gene-specific primers (Supplemental Table S3) flanking both sides of the point mutation and the amplified fragment was gel-purified with a
QIAcube. Sequencing was performed (Eurofins MWG Operon) to determine which plants were wild-type, heterozygous or homozygous for the point mutation in AtDGAT1. To prepare RNA, young siliques were harvested approximately 8-12 days-after-flowering (DAF) from plants, flash-frozen in liquid nitrogen and stored at -80°C. Developing seeds were scraped from each silique on a petridish on dry ice and collected in 1.5 ml eppendorf tubes kept in liquid nitrogen. For RT-PCR analysis, total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen). Samples were treated with RNase-free DNase (Qiagen) using the on-column
DNase digestion method according to the manufacturer protocol. cDNA was synthesized using SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen/Life Technologies). In order to confirm that the transgenic plants were expressing their respective transgenes, RT-PCR was performed using primers listed in Supplemental Table S3 . This confirmed that the transgenic lines expressed the genes of interest.
Design and Cloning of Artificial microRNA (amiRNA) Against AtPDAT1
In order to suppress expression of AtPDAT1 in our transgenic plant lines a 21-mer (5'-TTGCGGGTTATACGTAGTGTA-3', hybridization energy -40.49 kcal/mol). This 21-mer targets the AtPDAT1 mRNA in the 3'UTR.
Cloning of the pdat1-amiRNA and RcPDAT1A in a Multigene Vector
The 21-mer sequence was used to replace the stem loops in the MIR319a precursor (Ossowski et al., 2008) . Primer sequences used for cloning are described in Supplemental   Table S1 . The pdat1-amiRNA construct was cloned in the RS3GSeed DsRed vector in between the glycinin promoter and the glycinin 3'UTR. The pdat1-amiRNA construct was digested with EcoRI and XbaI. The RS3GSeed DsRed vector was digested with EcoRI and XbaI and dephosphorylated with CIP (calf intestinal phosphatase, New England Biolabs).
The EcoRI/XbaI pdat1-amiRNA fragment was ligated into the linearized vector using the Quick Ligation Kit (NEB). RcPDAT1A was cloned in the pdat1-amiRNA vector behind the oleosin promoter and followed by the oleosin 3'UTR. The RcPDAT1A cDNA was PCR amplified with primers containing NotI sites (Supplemental Table S1 ) and digested with NotI HF (New England Biolabs). The PCR product was cloned in the NotI side of the CIP treated pKMS2 vector behind the oleosin promoter. The oleosin promoter RcPDAT1A oleosin 3'UTR construct was cut out of the pKMS2 vector using AscI. This construct was ligated into the AscI site of the pdat1-amiRNA vector in order to generate the pdat1-amiRNA RcPDAT1A vector.
Construction of Vernicia fordii (tung) Gene Vectors and Expression in Plants
The ORFs for tung FADX, and tung DGAT2, as well as the AtDGAT1 RNAi construct, were assembled in various components of a flexible set of cloning vectors and plant binary plasmids prior to transformation into Agrobacterium tumefaciens (Agrobacterium). The cDNA for tung FADX (Dyer et al., 2002) was PCR amplified using a forward primer containing a NotI site, and a reverse primer containing a SacII site adjacent to the stop codon. This product was digested with NotI and SacII, and ligated into plasmid pK8 that had been similarly treated. pK8 contains the strong seed-specific promoter from the Phaseolus vulgaris gene (Slightom et al., 1983) , and the cauliflower mosaic virus 35S transcriptional terminator, both flanked on their respective distal ends by AscI sites. The resulting plasmid was named pB190. The AscI cassette from pB190 was transferred to the transformed into Agrobacterium strain GV3101; kanamycin and gentamycin-resistant colonies were cultured in liquid media and used to transform the fad3fae1 double mutant line of Arabidopsis (Smith et al., 2003) by floral dip.
A seed-specific shuttle plasmid containing an N-terminal myc epitope-tagged tung DGAT2 was generated by PCR amplification of the native DGAT2 ORF with a forward primer in which the initiator methionine codon has been replaced by a KasI site, and a reverse primer containing a SacII site adjacent to the stop codon. Following KasI/SacII digestion, this product was ligated into similarly-digested pB50, a shuttle plasmid containing the Arabidopsis 2S-3 promoter (Guerche et al., 1990 ) the soybean glycinin G1 subunit transcriptional terminator (Sims and Goldberg, 1989) , and a multiple cloning site containing sites that allow for production of N-terminal myc epitope fusions. The AscI fragment Table S1 .
Eleostearic acid production stabilized at approximately 8% in the T 4 generation of E181 plants. T 5 plants from this line were re-transformed with Agrobacterium bearing either pE278 or pE290. Red T 1 seeds were sown on soil and grown to maturity, followed by seed lipid extraction and analysis for determination of eleostearic acid content. Two lines, one representing the highest T 2 eleostearate producer and one representing a level near the average of the T 2 population, were selected for each double transgenic and carried forward to the T 3 generation. Seed samples from T 3 plants producing either uniformly red or uniformly brown seeds were analyzed by gas chromatography.
Fatty Acid Analysis by Gas Chromatography
Analysis of HFA was performed as described in van Erp et al. (2011) . Lipids from Arabidopsis seed containing ESA were extracted as follows. Approximately 30 mg seeds and 3 -4 2.3 mm chrome steel beads (BioSpec Products, Inc., Bartlesville, OK) were added into a 2 mL Eppendorf tube with 500 µL hexane, followed by 5 min agitation on a Bead Beater.
The extract was centrifuged (13000xg/2 min) to remove debris and a portion (300 µL) of the extract was transferred to a 13x100 mm glass Corning culture tube. Hexane (700 µL) and sodium methoxide in methanol (400 µL) were added, followed by 10 min incubation at room temperature with intermittent shaking. The reactions were quenched by addition of 2 mL hexane and 2 mL saturated NaCl solution and the phases were separated by centrifugation in a tabletop swinging bucket centrifuge. Two mL of the upper layer was transferred to vials, capped and analyzed immediately or stored at -20º until needed. Gas chromatography was conducted as described in Shockey, et al. (2011) . Whenever possible, all samples containing ESA were prepared using amber-colored glassware to reduce exposure of ESA to light.
Regiochemical analysis of TAG was performed as described (van Erp et al., 2011) .
Determination of Seed FA Content
Seed FA content was determined according to the protocol of (Li et al., 2006) , except that 200 µl of toluene was added to each sample, BHT (butylated hydroxytoluene) was omitted, and 20 seeds were used for each measurement. See weights were determined by counting seed numbers in samples of 1-2 mg of seed.
Lipid Extraction and Characterization of TAG Species
Lipid extraction and characterization of TAG species was performed as described in van Erp et al. (2011) . Table S1 . Fatty acid compositions of samples of T3 seeds of transgenic lines accumulating hydroxyl fatty acids (HFA) characterized in this study. Two-tailed t-test: **P < 0.01, * P < 0.05. three HFA respectively. B, Percent HFA at the sn-2 and sn-1/3 positions of TAG. The data represent the average of three replicates ± SE. Two-tailed t-test: **P < 0.01, * P < 0.05. 
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